I. INTRODUCTION
People in various cultures and countries intuitively use a special register, called child-directed speech, when talking to young children. This speech register is different from adult-directed speech in various acoustic aspects. Studies that have found expanded vowel space in child-directed speech have proposed the hyperarticulation hypothesis, which suggests that mothers enhance the phonetic contrasts in phonemes to facilitate speech and language acquisition in children (Kuhl et al., 1997; Liu et al., 2003; Martin et al., 2015) . Studies that found smaller vowel space or more overlapping phonetic categories among the vowels in child-directed speech have proposed the pragmatic hypothesis, which suggests that the acoustic modifications in the childdirected register are the result of mothers' expression of affective emotions (e.g., happiness, love, care) to engage or maintain the attention of young children (Benders, 2013; Englund and Behne, 2006; McMurray et al., 2013) . This study aimed to test whether mothers hyperarticulate the tones in child-directed speech by comparing the acoustic characteristics and perceptual clarity of Mandarin tones in child-directed and adult-directed speech.
A. Acoustic characteristics of prosodic properties of child-directed speech Previous studies that have examined the prosodic characteristics of child-directed speech suggest some universal acoustic characteristics in child-directed speech. Adults and children alike tend to produce speech with higher pitch (Fernald and Simon, 1984; Garnica, 1977) , larger pitch range (Cooper and Aslin, 1994; Fernald and Kuhl, 1987) , and more varied prosody (Fisher and Tokura, 1996; McMurray et al., 2013) when speaking to young children. These prosodic characteristics have been reported in a range of languages, such as English, Italian, French, German, and Mandarin (Fernald et al., 1989; Grieser and Kuhl, 1988) .
B. Acoustic characteristics of phonetic segments in child-directed speech
Most studies that have examined the acoustic characteristics of the phonetic segments in child-directed speech have focused on vowel productions and compared the vowel space formed by the three corner vowels-/i, u, a/-in adultdirected and child-directed speech. Larger vowel spaces in child-directed speech than in adult-directed speech have been reported in a number of languages including British English, American English, Russian, Swedish, and Mandarin, leading authors to suggest that adults hyperarticulate the vowels in child-directed speech to facilitate vowel discrimination and acquisition in young children (Burnham et al., 2002; Kuhl et al., 1997; Liu et al., 2003; Uther et al., 2007) . More compellingly, some studies have found positive correlations between the size of mothers' vowel space and their children's speech and language ability. Liu and colleagues reported that the size of the vowel space of a) Electronic mail: pswResearch@gmail.com Mandarin-speaking mothers' child-directed speech to their children aged 6 to 12 months during play was not only positively associated with their children's speech discrimination ability at the time of the experiment (Liu et al., 2003) , but was also positively correlated to the children's receptive vocabulary at age 5 years (Liu, 2014) . Hartman et al. (2017) found similar results with English-speaking mothers and reported that the vowel space of the mothers' child-directed speech to their 18-month-old children during unstructured play sessions predicted the children's vocabulary scores in three norm-referenced vocabulary tests when the children reached 2 years of age.
However, not all studies that have measured vowel space in child-directed and adult-directed speech support the hyperarticulation account. Benders (2013) and Englund and Behne (2006) found smaller vowel spaces in child-directed speech than in adult-directed speech in Dutch and Australian English. Studies that have examined the acoustic properties of a larger set of vowels, including both the corner vowels and the internal vowels, have found more overlapping vowel categories and larger within-category variability in childdirected speech, showing little evidence of hyperarticulation of vowels (Cristia and Seidl, 2014; McMurray et al., 2013) . Given that formant frequencies are related to fundamental frequency (F0)/ pitch and, therefore, changes in prosody may result in formant frequency changes, these studies proposed a pragmatic account, suggesting that the expanded vowel spaces observed in child-directed speech were not a result of mothers' phonetic enhancement of vowel contrasts but rather a by-product of mothers' use of prosody to express affective emotions to children in child-directed speech (Benders, 2013; McMurray et al., 2013; Trainor et al., 2000) . Using a machine learning paradigm, Martin et al. (2015) further challenged the hyperarticulation hypothesis by showing that vowels in child-directed speech were identified with lower accuracy than vowels in adult-directed speech.
Several studies that have compared voice onset times in voiced and voiceless stop consonants in child-directed and adult-directed speech have also found inconsistent results. Some studies reported no difference in voice onset time between voiced and voiceless stops in child-directed and adult-directed speech (Malsheen, 1980) , some found shorter voice onset times in child-directed speech (Sundberg and Lacerda, 1999) , some found significantly longer voice onset times in voiceless stops in child-directed speech (Englund, 2005) , and still others found longer voice onset time in both child-directed and adult-directed speech or more overlapping voice-onset time between voiced and voiceless stops in child-directed speech than in adult-directed speech (Baran et al., 1977; Sundberg and Lacerda, 1999; McMurray et al., 2013) . Bohn (2013) compared vowel space, voice onset time of stops, amplitude peak for sibilant fricatives, and syllable, vowel, and fricative durations in Danish child-directed and adult-directed speech. Contrary to expectation, Bohn found longer syllable durations and more contrastive spectral properties in the vowels and consonants in adult-directed speech than in child-directed speech. Moreover, no consistent relation was found between the acoustic properties in mothers' child-directed speech and children's receptive vocabulary size. These findings pose additional challenges to the hyperarticulation hypothesis.
C. Phonemic and prosodic use of pitch in tone languages
Examination of the use of pitch in child-directed and adult-directed speech in tone languages may provide unique insights into the hyperarticulation and pragmatic hypotheses of child-directed speech. Pitch in tone languages is used for both phonemic and prosodic purposes. At the syllabic level, pitch is used to make lexical contrasts, while at the utterance level, it is used to express emotions and other pragmatic functions. It was predicted that if the primary purpose of child-directed speech was to enhance the acoustic contrasts of tones, the pitch contours of child-directed tones would be closer to the underlying pitch targets for the tones (e.g., the high level tone would be produced with higher pitch and smaller pitch range), and the tones in child-directed speech would be clearer and perceived with higher accuracy than tones in adult-directed speech. On the other hand, if the purpose of child-directed speech was to serve pragmatic functions, the prosodic use of pitch may compromise the tone identities, resulting in lower perceptual accuracy of tones in child-directed speech than in adult-directed speech.
D. Acoustic properties of child-directed lexical tones
Several acoustic studies have examined child-directed lexical tones. One of them supported the pragmatic hypothesis. Papoušek and Hwang (1991) asked six Mandarin speakers to imagine that they were talking to a two-month-old infant, an adult and a foreign student, and record two sets of sentences with one to ten syllables in a variety of sentence structures, such as statements, questions, requests and exclamatory sentences. Acoustic analysis showed that maximum, minimum and mean F0 values were higher and syllable and utterance duration was longer in child-directed speech than in adult-directed speech, but the range of F0 was comparable in the two speech registers. More rising was found in the tones at the final positions of the utterances in child-directed speech than in adult-directed speech. Based on visual inspection of the pitch contours, Papoušek and Hwang reported that the tone contours were less distinctive in child-directed speech than in adult-directed speech. They concluded that pitch modifications in child-directed speech primarily serve prosodic functions and compromise tone identities. However, no perceptual judgment was carried out to verify the findings.
Other acoustic studies on child-directed tones have reported contradictory results and supported the hyperarticulation hypothesis. Liu et al. (2007) specifically tested whether Mandarin tone contours were distorted in childdirected speech. Sixteen mothers of 10-to 12-month-old children were provided with a set of toys and pictures that represented 12 disyllabic words with the four Mandarin tones in the first syllable followed by Tone 1 (T1, High Level) in the second syllable. Child-directed speech was collected when the mothers were playing with the children with the set of toys and pictures, while adult-directed speech was collected when the mothers described to the experimenter their children's interest using the target words. Based on the findings that tone duration was longer, mean F0 was higher, and F0 range was larger in child-directed speech than adultdirected speech, while the order of mean F0, F0 range, and tone duration of the four tones was maintained in childdirected and adult-directed speech, the authors concluded that mothers enhanced tonal contrasts without distorting the tonal contours. Liu et al. (2009) reported similar results using the same stimuli and methods to measure mothers' tone productions to children when the children were age 1 year and again when the children were 5 years old. Rattanasone et al. (2013) also found similar results with Cantonese child-directed speech using different acoustic methods. Twenty-two mothers were asked to produce three monosyllabic words in Tone 1 [T1, High Level, hearing level (HL)], Tone 2 (T2, High Rising, HR), and Tone 4 (T4, Low Falling, LF) in Cantonese while talking to an adult and while playing with their children with a set of provided toys. Data were collected at three time points when the children were between 3 to 12 months of age. F0 at the onset and offset of each tone production were measured and plotted against each other. The centroids of the clusters of the F0 onset-offset functions of the three tones were connected to form two tone triangles, one for child-directed speech and one for adult-directed speech. The height, size, and the length of the sides of the tone triangles were compared. The results showed higher pitch, larger pitch range, and significantly larger tone triangles in child-directed speech than in adult-directed speech. The authors concluded that mothers hyperarticulated the tones when talking to young children.
E. Possible reasons for the discrepant findings in previous studies on child-directed tones Several reasons may explain the mixed results in previous acoustic studies on child-directed lexical tones. First, other than Papoušek and Hwang (1991) , who asked participants to read sentences in child-directed and adult-directed speech, all other acoustic studies used different activities for collecting tones in child-directed and adult-directed speech and did not control the prosodic context of tone productions in the two speech registers. It has been well established that pitch levels and shapes of tones are affected by different prosodic contexts, such as type of utterance, position of the tone in an utterance, and emotion. Ma et al. (2006) and Vance (1976) reported that the pitch level of tones dropped continuously from the beginning to the end of a statement. Ma et al. (2006) also demonstrated that all Cantonese tones, including the level tones, had a rising pitch contour in the final position of questions. Several studies found that happy emotions were expressed with higher pitch, larger pitch range, and longer durations (Quam and Swingley, 2012; Singh et al., 2002; Trainor et al., 2000) . Most studies that examined tone productions in child-directed and adult-directed speech collected adult-directed tones from interviews and childdirected tones from playing with children. Typically, conversations at interviews are conveyed in neutral emotions, whereas conversations during playing with young children may involve different emotions (e.g., excitement, happiness) and pragmatic functions (e.g., questions, requests). Thus, the acoustic differences of the tones between adult-directed and child-directed speech reported in these studies could have been confounded by differences in prosodic contexts, utterance positions, and emotional expressions arising from the use of different activities and utterances in the two conditions.
Second, other than Papoušek and Hwang (1991) , who asked participants to produce the same set of sentences in child-directed and adult-directed speech, studies on childdirected lexical tones have not controlled the phonetic contexts of the tones in the two registers. Xu (1997 Xu ( , 2001 showed that pitch contours of the same tone vary greatly depending on phonetic context. To illustrate, Mandarin has four lexical tones. Tone 1 (T1, H), Tone 2 (T2, R), Tone 3 (T3, L), and Tone 4 (T4, F) have a high and level, rising, dipping, and high falling pitch contour, respectively. Figure  1 shows the pitch contours of the four Mandarin tones in monosyllabic isolated words. Figure 2 (adapted from Fig. 6 in Xu, 1997) presents the pitch contours of the same tones in disyllabic words with each panel showing the same tone in the first syllable followed by the four different tones in the second syllable. No contour for T3 (L) followed by another T3 (L) are shown, because this tone combination undergoes a tone sandhi rule and is produced as T2 (R) followed by T3 (L). Figure 3 (adapted from Fig. 3 in Xu, 1997) shows the same 15 disyllabic pitch contours, but reorganized by the tone in the second syllable. As presented, T3 (L) has a dipping contour in isolation ( Fig. 1) but a low falling contour in other contexts. Note that when the four tones are produced in disyllabic contexts, the F0 contours of the same tone in the second syllable vary greatly and are affected by the tone in the preceding syllable (see the contours, particularly in the first half of the syllable, in the second syllable in Fig. 3) . Thus, the onset F0, the mean F0, minimum F0, maximum F0, and initial F0 of the same tone with different preceding tones are very different. Comparing acoustic measurements of tones produced in different phonetic contexts in childdirected and adult-directed speech could therefore confound the data.
Third, the acoustic parameters selected in previous studies to measure the phonetic differences of the tones between child-directed speech and adult-directed speech and to determine whether the tones were hyperarticulated in childdirected speech might not be the perceptual target for tone identification. Fu and Zeng (2000) have demonstrated that the primary and sufficient cue for tone identification is the pitch contour. In Mandarin, each of the four tones has a unique contour shape. Thus, the shape of the pitch contour is a more important cue for tone perception than the pitch level of the contour (Whalen and Xu, 1992) . Because the pitch at the beginning of a syllable is influenced by various factors such as the initial consonant (Wong and Xu, 2007; Xu and Xu, 2003) and the preceding tone (Xu, 2001) , the pitch contour in the initial portion of the syllable is less reliable for tone identification than the pitch contour towards the end of the syllable (Khouw and Ciocca, 2007; Xu, 1997 Xu, , 2001 Xu and Wang, 2001 ). Thus, the perceptual target or the reliable cue for tone identification lies in the second half of the syllable (Khouw and Ciocca, 2007; Xu, 1997 Xu, , 2001 Xu and Wang, 2001 ).
None of the previous studies has compared the shapes of the tone contours in adult-directed and child-directed speech or measured perceptual judgments on adult-directed and child-directed tones. The conclusions that mothers hyperarticulated tones were based on larger tone space (Rattanasone et al., 2013), larger pitch range, and higher initial, mean, minimum, and maximum F0 (Liu et al., 2007 , Liu et al., 2009 in child-directed and adult-directed speech. However, these acoustic parameters are not the perceptual targets for tone identification (Xu, 1997 (Xu, , 2001 Xu and Wang, 2001) and can vary in different phonetic and prosodic contexts.
The goal of this study was to test the hyperarticulation hypothesis of child-directed speech by examining whether mothers enhanced tonal contrasts in Mandarin tones when speaking to young children. Mandarin was selected because it is the most widely spoken tone language in the world. To control for the effect of phonetic and prosodic context on tone productions, mother-and-child and mother-and-adult dyads were engaged in a picture book reading task. To control for phonetic and prosodic effect on pitch, only target monosyllabic and disyllabic words produced in isolation were analyzed. Acoustic analysis was performed on the three different phonetic contexts of tone productions [i.e., tones in monosyllabic words, tones in the first syllable of disyllabic words (disyllabic tones), and tones in the second syllable of disyllabic words]. Both pitch levels and pitch shapes were compared in adult-directed and child-directed speech. To measure the most reliable perceptual cue of tones and to avoid pitch fluctuations at the beginning of the tone contours due to phonetic effects, acoustic comparisons were focused on the pitch contours of the tones in the second half of the syllable (i.e., the pitch target). To provide detailed information on the acoustic modifications in child-directed and adult-directed tones, the acoustic properties of the tones in child-directed and adult-directed speech were examined. Perceptual accuracy of the tones in child-directed speech and adult-directed speech was compared to determine whether the acoustic modifications in child-directed tones resulted in phonemic enhancement. The specific aims were (1) to characterize the acoustic properties of monosyllabic and disyllabic Mandarin tones in child-directed speech and (2) to investigate whether mothers hyperarticulated the Mandarin tones in child-directed speech to facilitate tone perception.
II. METHOD
The methods largely followed the procedures in Wong and Leung (2018) , and and were approved by the Human Research Protection Program at the City University of New York and the Behavioral and Social Sciences Institutional Review Board at the Ohio State University.
A. Participants
Twenty mother-child dyads participated in the study. The mothers were native Mandarin speakers between 28 and 48 years of age. Mandarin was their strongest and home language and the language they used exclusively with their children. All mothers were from middle-class families. Two of them received an associate's degree, while the other mothers attained a bachelor's degree or higher.
The 20 children (6M and 14F) were between the age of 2;5 and 5;4. Children in this age range were selected because previous studies reported that children in this age range have not acquired the production of monosyllabic (Wong et al., 2005; Wong, 2012a; Wong, 2012b; Wong, 2013) or disyllabic Mandarin tones (Wong and Strange, 2017) . All children passed a hearing screening at 1000, 2000, and 4000 Hz at 20 dB HL under headphones using conditioned play audiometry (American Speech-Language-Hearing Association, 1997) and a language screening using the Language Disorder Scale of Preschoolers (LDSP, 學前兒童語言障礙 評量表; Lin and Lin, 1994) . Table I lists the 38 target words. There were eight monosyllabic words (2 words Â 4 tones) and 30 disyllabic words (2 words Â 15 disyllabic combinations). The words were depicted in color pictures and put into two picture books with different randomized orders.
B. Stimuli

C. Procedures for tone production collection
Each mother-child dyad participated in a one-hour session in a quiet room. Mothers filled out a questionnaire about their language background and their children's developmental history and language use. One of the two picture books was randomly assigned to them. Mothers were told to label the 38 pictures to the experimenter twice. Then they were asked to read the picture book with their children and name the same pictures two times to their children. During the process, children tended to imitate after the mother, and the child-and-mother dyads sometimes interacted and talked about the pictures. Their productions were audio recorded with 16 bit and 44.1 kHz sampling rate, and only target words produced by the mothers in isolation were selected for analysis.
Judges
To determine the clarity of the tones produced by the mothers in the two registers, five (3F, 2M) native Mandarin speakers between the age of 19 and 28 years who used Mandarin as their first and home language rated the tones produced by the mothers. The judges passed a hearing screening and reported no concern or difficulty in speech and language. Three of the judges were undergraduate students, and two were postgraduate students.
Stimuli for tone judgment
To familiarize the judges with the tone judgment procedures and to make sure that the judges were able to identify the tones in filtered stimuli, 42 training stimuli were prepared for two training blocks. 12 of them were monosyllabic nonsense words (3 words Â 4 tones) and 30 were disyllabic nonsense words (15 tone combinations Â 2 words). The words were recorded by a female Mandarin-speaker who did not participate in the study.
The mothers' adult-directed and child-directed monosyllabic and disyllabic productions were used for experimental stimuli. To reduce the number of judgment sessions, two productions of each monosyllabic word and the first production of the disyllabic words were used for tone judgment. Non-target words, noisy recordings, recordings with overlapping voices, productions with voice break, blank recordings, and words not produced in isolation were excluded. There were a total of 1648 usable productions, including 316 and 204 monosyllabic adult-directed and child-directed productions, respectively, and 596 and 532 disyllabic adult-directed and child-directed productions, respectively. The productions were blocked by register (i.e., adult-directed/child-directed) and speaker to assist the judges' normalization of the speaker's pitch range. Thus, there were 80 blocks of experimental stimuli [20 speakers Â 2 syllable contexts (i.e., monosyllabic/ disyllabic context) Â 2 registers (adult-directed/child-directed)].
Following the methods used in previous studies such as Wong and Chan (2018) and , to control for lexical bias in tone judgment, all training and adultdirected tone production stimuli were low-pass filtered at 400 Hz to eliminate the segmental information in the productions. Because child-directed stimuli usually were produced with higher fundamental frequencies, they were low pass filtered at 500 Hz. To control for relative intensity of tones, the filtered stimuli were normalized to 70 dB.
D. Procedures for tone judgment
Tone rating was carried out in a quiet room. The judges attended eleven 1-2 h sessions to rate the tones at their own pace. All experimental trials were presented using a customized MATLAB program. Monosyllabic tones were rated before disyllabic tones. The training block was presented before the experimental blocks. Adult-directed and child-directed experimental blocks were randomized, but each session had a mixed of adult-directed and child-directed blocks. The trials within the experimental and training blocks were presented in random order. The judges listened to the stimuli over headphones and selected the tone by clicking the corresponding button on the screen out of four buttons marked with the tone numbers and visual displays of the tone contours. Because the judges needed to rate the tones on filtered stimuli without lexical support, they were allowed to listen to the stimuli as many times as they needed to. All judges rerated six blocks of the monosyllabic productions and three blocks of disyllabic production to allow determination of intrajudge reliability.
E. Acoustic analysis
Acoustic analyses were performed on the recorded adult-directed and child-directed tones produced by the mothers. The method largely followed the methods in Wong (2012a), Wong and Chan (2018) , and , which have been found to successfully discriminate correct and incorrect tone productions (Wong, 2012a; and normalize the intrinsic pitch differences among speakers of different ages (Wong, 2012a; and genders (Wong and Chan, 2018 ).
Segmentation and vocal pulse checking
Segmentation was performed on unfiltered stimuli. Each syllable was manually segmented into two sections: the initial section and the tone section using PRAAT (Boersma and Weenink, 2014) . The initial section began at the onset of the initial voiced and voiceless consonants and ended at the end of the fourth regular vocal cycle (i.e., glottal pulse) in the waveform of the syllable, which was also the beginning of the tone section. The tone section ended at the beginning of the last four vocal cycles in the syllable. Leaving four cycles before and after the tone section was to avoid pitch lowering when getting mean pitch at tone onset and offset in the tone section. Thus, the initial section included initial voiceless consonants, the irregular vocal cycles preceding the tone, if any, and the first four regular vocal cycles of the vowel or the initial voice consonants. The tone section included all the vocal cycles in the syllable except the first and the last four vocal cycles.
Acoustic parameters
Segmentations obtained from the unfiltered stimuli were applied to the filtered sound files for pitch analysis. Each marking of the vocal cycles in the tone section generated by PRAAT was manually checked for accuracy. Duration of the tone section and the F0 at each 1/20 of the tone section were computed using a customized script (Prosody Pro 3.1, Xu 2005 Xu -2016 . The F0 measurements were converted to semitones (St), a logarithmic pitch scale in which equal increments represent roughly equivalent sensational response by the human ear (Russo and Thompson, 2005) . Ten acoustic parameters were selected (Table II) . Six of them were for characterizing the pitch level of the tone contours. They included the initial pitch (i.e., pitch at time point 1), the pitch at the mid-point (i.e., pitch at time point 11, which was also the initial pitch of the pitch target), and the final pitch (i.e., pitch at time point 20) of the whole tone contour, and the minimum, maximum, and mean pitch in the second half of the syllable (i.e., between time points 11-20), where the pitch target (i.e., the reliable cue for tone perception) lies. To adjust for individual differences in intrinsic pitch, the six pitch level measurements were converted to six "Pitch Height" measures by computing the pitch level relative to the speaker's vocal pitch [i.e., subtracting the mean pitch of all the tones produced by the same speaker (i.e., the Speaker Mean Pitch) from the pitch level measurements]. This method has been shown to successfully normalize the pitch differences between children and adults (Wong, 2012a;  TABLE II. Definition of acoustic terms and acoustic parameters. Note: "St" stands for semi-tone; "ms" stands for millisecond; 100% indicates that the parameters were measured with reference to the whole pitch section; 50% indicates that the parameters were measured from the second half of the syllable. The absolute value of the difference between Max Pitch 50% and Min Pitch 50%. This was to index the degree of pitch fluctuation in the tonal target. Pitch Range 100% (St)
The absolute value of the difference between the maximum and minimum pitch in the whole tone contour. This was to index the degree of pitch fluctuation in the whole tone contour. Slope 50% (St/ms) Directional Excursion in the second half of the tone divided by the duration between Max Pitch 50% and Min Pitch 50%. This measured the speed of pitch change. Tone Duration 100% (ms) Duration of the voiced section in the syllable, including all the pitch cycles in the vowels and the voiced consonants and male and female speakers (Wong and Chan, 2018) . For example, "Initial Pitch Height" was obtained by measuring the initial F0 of the tone, converting it to semi tones, and then subtracting the Speaker Mean Pitch from it. A negative value indicated that the initial pitch of the tone was lower than the mean pitch of the speaker. In addition, the pitch range in the second half of the tonal contour was measured to examine the amount of pitch fluctuation in the tone target. It was calculated by subtracting the minimum pitch from the maximum pitch in the second half of the syllable. The pitch range of the whole tone contour was computed by subtracting the minimum pitch from the maximum pitch of the whole tone contour. This was to measure pitch fluctuation in the tone contour in the syllable. The pitch slope, which was calculated by dividing the Pitch Range in the second half of the syllable by the duration between the maximum and minimum pitch in the second half of the syllable, was used to compare the shapes of the tone targets. A positive slope denoted a rising pitch contour, and a negative slope indicated a falling pitch contour. Larger positive slopes represented steeper rising pitch, while more negative slopes indicated steeper falling pitch. The duration of the whole tone contour was also measured. Table II lists the acoustic parameters and their definitions.
III. RESULTS
A. Acoustic characteristics of child-directed tones
In this section, first, pitch contours of the tones in childdirected and adult-directed speech produced in different syllable contexts, including monosyllabic words, and the first and second syllables of disyllabic words were compared visually. Second, statistical tests were performed to compare the ten acoustic parameters listed in Table II in different syllable contexts and the two speech registers. Figures 4-6 show the time-normalized average pitch contours of monosyllabic and disyllabic Mandarin tones in child-directed speech and adult-directed speech. By visual inspection, in most cases, the contours of child-directed and adult-directed tones appear to parallel each other.
Statistical tests were performed to determine whether the acoustic measures of the tones were different in different syllable contexts and different speech registers. For each of the acoustic parameters listed in Table II, except Speaker Mean Pitch, a three-way repeated measure analysis of variance (ANOVA) was performed using syllable context, register, and tone as within-subject factors and the acoustic measure as the dependent variable. As expected, significant main effects of tone were found in all comparisons (all ps < 0.001, gp 2 ¼ 0.815-0.928), indicating that the acoustic parameters differed for different tones. Table III shows the results of the main effects of syllable, the main effects of register, the interaction effects between register and tone, and the interaction effects between register and syllable after correcting for multiple comparisons. No significant interaction between syllable, tone and register was found, and the results are, therefore, not included in the table.
Significant main effects of register were found for all acoustic measures except duration of the tone contour. Other than tone duration, all the acoustic measures were significantly higher or larger in child-directed speech than in adult-directed speech. Though significant interactions between syllable and register were found for seven of the ten acoustic measures, results of pairwise comparisons consistently showed significantly higher or larger values in child-directed speech than in adult-directed speech in all syllable positions. Taken together, the findings indicated no tone duration difference between child-directed and adult-directed speech in any syllable position. For all other acoustic parameters except pitch range, though the magnitude of difference between child-directed speech and adult-directed speech may not be the same in different syllable positions, acoustic measures were higher or larger in childdirected speech than in adult-directed speech in all syllable positions. Pairwise comparisons showed that these acoustic parameters differed significantly between adult-directed and childdirected speech in some syllable contexts but not in others.
No significant interaction was found between register and tone for seven of the ten acoustic parameters, indicating that these acoustic parameters, including pitch slope and pitch range, were significantly higher and larger in child- directed speech than in adult-directed speech, regardless of tone type. Significant interactions were found between register and tone on the other three acoustic parameters (i.e., initial pitch height, mid pitch height, and duration). However, pairwise comparisons after correcting for multiple comparisons showed that all tones had higher initial and mid pitch in child-directed speech than in adult-directed speech, while no significant duration difference was found between childdirected and adult-directed speech for any tone. Together, the findings showed that regardless of tone type, tone duration did not differ significantly between child-directed and adult-directed speech, and that all tones, regardless of their tone level or tone shape, were produced with higher pitch, larger pitch range and more positive slopes in child-directed speech than in adult-directed speech.
No interaction among syllable, tone and register was found in any of the ten acoustic parameters.
B. Effect of syllable contexts
As shown in Table III , there was a significant main effect of syllable on all ten acoustic parameters, indicating that the acoustic characteristics of the tones differed significantly in different syllable contexts. Results of pairwise comparisons with Bonferroni adjustments for multiple comparisons showed a general trend for acoustic measures to be higher or larger in monosyllabic words than in the first and second syllables in disyllabic words, though the initial pitch height and pitch range of the whole tone contours were not significantly different in monosyllabic words and in the second syllable of disyllabic words.
C. Clarity and error patterns of adult-directed and child-directed tones
To determine if mothers produced the tones more clearly in child-directed speech, perceptual accuracy of the tones in child-directed and adult-directed speech in different syllable contexts were compared. First, kappa statistics were used to determine the level of agreement among the five judges, between each pair of judges, and within each judge on their tone ratings. Next, perceptual accuracy and error patterns for the tones in child-directed and adult-directed speech in different syllable contexts were examined. Finally, TABLE III. Acoustic characteristics and perceptual accuracy of adult-directed and child-directed tones. "100%" indicates acoustic measurements taken from the whole tone contour, while "50%" indicates measurements obtained from the second half of the tone contour. "MT," "S1," "S2," "ADS," and "CDS" stand for "tones in monosyllabic words," "the tone in the first syllable of disyllabic words," "the tone in the second syllable of disyllabic words," "adult-directed speech," and "child-directed speech," respectively. "n.s." indicates a non-significant result. There was no significant interaction effect of register Â tone Â syllable on tone accuracy or any of the ten acoustic parameters.
Effect
Acoustic statistical tests were performed to determine if the observed differences reach statistical significance.
Inter-judge and intra-judge reliability
Kappa statistics adjusted for chance were used to determine inter-judge and intra-judge reliability. Fless' kappas were 0.921 and 0.907 for the five judges' ratings of the mothers' monosyllabic and disyllabic tones, respectively, indicating that as a group, the five judges reached almost perfect reliability on their tone ratings. Cohen's kappas for each pair of judges ranged from 0.872 to 0.956 for monosyllabic tones, and 0.874 to 0.942 for disyllabic tones, showing nearly perfect agreement between all pairs of judges. The judges also demonstrated almost perfect intra-judge reliability, with Cohen's kappas for each judge's first and second ratings of the same productions ranging from 0.962 to 0.987 for monosyllabic productions and 0.931 to 0.974 for disyllabic productions.
Perceptual accuracy of child-directed and adult-directed tones
Tone production clarity was defined as the judges' correct identification of the four tones. Table IV shows the accuracy and error patterns for tone identification in adultdirected and child-directed speech in different syllable contexts. The underlined numbers indicate error responses that constituted more than 5% of the total number of trials of the tone. Overall, mothers' tones appeared to have more errors and a greater variety of error patterns in child-directed speech than in adult-directed speech.
Statistical analysis was performed to determine if tone accuracy differed significantly between child-directed and adult-directed speech. Because the data violated assumptions for parametric statistics due to ceiling performance, scores were converted to rational arcsine units (RAUs), which are close to percentages but have the statistical characteristics of the arcsine transformation (Studebaker, 1985) . A three-way ANOVA (syllable Â tone Â register) was performed on the transformed accuracy scores. . Surprisingly, overall, tone accuracy was significantly lower in child-directed speech than in adult-directed speech. Pairwise comparisons with Bonferroni corrections for multiple comparisons revealed lower tone accuracy in childdirected speech than in adult-directed speech in monosyllabic words and in the first syllable of disyllabic words, while the difference was not significant in the second syllable of disyllabic words. Figure 7 shows the tone accuracy rates in child-directed and adult-directed speech in the three contexts. No significant interaction between register and tone was found, suggesting that regardless of tone type, tone accuracy was lower in child-directed speech than in adult-directed speech. No significant interaction effect among syllable context, tone and register was found. 
IV. DISCUSSION
The aims of the study were to examine the acoustic characteristics of child-directed Mandarin tones and to determine whether mothers hyperarticulated these tones in childdirected speech to enhance contrasts among the tones.
A. Syllable position affects acoustics of tones
The significant main effect of syllable context on all acoustic measures of tones indicated that pitch height, pitch range, pitch shape, and tone duration were different in different syllable contexts. In general, these parameters were higher, larger, or longer in the first syllable of disyllabic words than in the second syllable. They were highest, largest, and longest in monosyllabic words. These findings suggest that syllable position affects the acoustics of tones (consistent with Strange, 2017 and Xu, 1997) , and studies that compare the acoustics of tones in different experimental conditions should control for this effect. However, almost all previous studies have collected child-directed tones in mother-child play interactions and adult-directed tones in conversations with another adult (Liu et al., 2007; Liu et al., 2009; Rattanasone et al., 2013) . This lack of control of the effects of syllable and utterance position between the two registers may partly explain the discrepancies observed in the acoustic findings across different studies.
B. Acoustic characteristics of tones in child-directed speech
There was clear evidence that mothers acoustically modified the pitch contours of the tones when speaking to their children. Tones in child-directed speech were consistently produced with higher pitch and more positive slopes than tones in adult-directed speech. These findings were not affected by syllable position or tone type, because either no significant interaction was found, or when a significant interaction did occur, the acoustic measures were still higher and larger in child-directed speech than in adult-directed speech.
In general, tones were produced with larger pitch range in child-directed speech than in adult-directed speech. This difference was not affected by tone type but did interact with syllable position. The pitch range of the tonal targets was comparable in the first syllable in disyllabic words, while in the other two syllable positions, the pitch range was larger in child-directed speech than in adult-directed speech. In terms of tone duration, no difference was found between childdirected and adult-directed tones. All four tones were produced with comparable durations in child-directed and adultdirected speech in all syllable positions. The finding that tones are produced with higher pitch in child-directed speech than in adult-directed speech is consistent with all previous studies on child-directed lexical tones (e.g., Liu et al., 2007; Liu et al., 2009; Papoušek and Hwang, 1991; Rattanasone et al., 2013) . With respect to tone duration, unlike previous studies which have consistently found that longer tone duration in child-directed speech than in adult-directed speech, this study found no significant effect of register on tone duration for any tone type or syllable position. These discrepancies between the present findings and those of most previous studies could be due to the fact that previous studies did not control syllable context, utterance structure, or pragmatic function in child-directed and adult-directed speech. Thus, observed duration differences between child-directed and adult-directed speech may have reflected differences in these factors. While Papoušek and Hwang (1991) did control for production context and reported longer syllable durations in child-directed speech, they measured utterance duration and not tone duration. More importantly, they computed syllable duration by dividing the duration of the whole utterance by the number of syllables in the utterance. It is therefore unclear whether the duration and number of pauses and the number of filler or interjections in the utterances were the same in childdirected and adult-directed utterances.
Mixed results have been reported in the literature on pitch range differences between child-directed and adultdirected speech. Papoušek and Hwang (1991) reported no pitch range differences between child-directed and adultdirected speech, while other studies reported larger pitch ranges in child-directed speech than in adult-directed speech (Cooper and Aslin, 1994; Fernald and Kuhl, 1987; Grieser and Kuhl, 1988) . The findings of this study indicate that, overall, pitch range is larger in child-directed speech than in adult-directed speech, but that the differences depend on syllable context. In some syllable contexts, such as the first syllable of a disyllabic word, no difference was found in pitch range. Because Papoušek and Hwang (1991) did not perform analyses on the interaction between tone and syllable position, and other studies did not control the production contexts of tones in child-directed speech and adult-directed speech, it is difficult to compare the results. No previous studies have measured the shapes of the pitch contours in child-directed and adult-directed speech.
C. Evidence for hyper-articulation hypothesis of child-directed speech
This study found little evidence that mothers modified the acoustics of the tones to enhance phonetic contrasts among Mandarin tones. Previous studies examined acoustic differences between child-directed and adult-directed speech without examining the perceptual clarity of child-directed speech. Without a perceptual task, it is difficult to determine with confidence whether the observed acoustic differences between child-directed and adult-directed speech would lead to better or worse perception of the phonemes. This study examined both acoustic and perceptual differences between child-directed and adult-directed speech. The lower tone perceptual accuracy in child-versus adult-directed speech is strong evidence against the idea that child-directed speech is hyperarticulated. The fact that identification accuracy of the tones was affected by syllable position but not tone type further suggests that the acoustic modifications of the tones were not targeted at differentiating the four tones.
The acoustic findings were consistent with the poorer perceptual accuracy of the tones in child-directed speech than adult-directed speech. Regardless of tone types, all tones in child-directed speech were produced with higher pitch, more positive slope, and larger pitch range, suggesting that even tones that were expected to have lower pitch levels (e.g., T3, the low tone), smaller pitch range (e.g., T1, the high level tone), and more negative slopes (e.g., T4, the falling tone), were all produced with higher pitch, larger pitch range, and more positive slopes in child-directed speech than in adult-directed speech.
D. Evidence for pragmatic hypothesis of child-directed speech
The findings support the pragmatic hypothesis. Pragmatic meanings are expressed by different prosody, which involves pitch change and pitch contrasts at different parts of an utterance (Prom-on et al., 2012) . This study found a significant interaction between register and syllable, but no significant interaction between tone and register, for the various acoustic parameters, suggesting that syllable position rather than tone type affected the degree of acoustic modification of the tones in child-directed speech. Previous studies have reported different types of prosodic effects on the acoustics of tones in different utterance positions. For example, the pitch level of lexical tones in a statement has been reported to gradually decrease from the beginning to the end of an utterance, while the pitch contour of the six Cantonese tones, including the mid-level, low-falling, and low-level tones, all had rising contours at the ends of questions (Ma et al., 2006) .
Though the findings of this study suggest that the acoustic modifications in child-directed tones are likely a prosodic effect, the intent of these prosodic modifications is less clear. One possibility is that mothers use heightened pitch to express happy or affectionate emotions, which are usually conveyed with higher and more varied pitch (Collier and Hubbard, 1998; Yildirim et al., 2004) . Another possible communicative intent could be to regulate the child's attention. Young infants have been found to prefer listening to high-pitched utterances versus low-pitched utterances, even when all other aspects of the utterances are the same (Patterson et al. in Trainor et al., 2000) . They are not only more responsive to high-pitched child-directed speech in their native language (Cooper and Aslin, 1994; Cooper et al., 1997) , but also in foreign languages (Werker et al., 1994) , suggesting that it is the high pitch, rather than the content of the utterance, that draws young children's attention. Pitch has also been found to be used by mothers to capture and maintain the attention of infants (Fernald et al., 1989; Stern et al., 1982) . When infants are looking away, mothers tend to use rising pitch contours to draw the infants' attention. When the infant is looking at the mother, the mother often uses a rise-fall contour to maintain the infant's attention, and when the infant is distressed, the mother usually speaks with slow falling pitch contours to comfort the infant (Fernald et al., 1989; Stern et al., 1982) . Future studies that compare the use of pitch in emotional speech, in speech for attention regulation, and in child-directed speech can reveal more detailed information.
In summary, mothers acoustically modify their tones when speaking to young children. When produced in the same syllable position and the same phonetic and prosodic contexts, child-directed Mandarin tones are characterized by higher pitch level and more positive slopes than the tones in adult-directed speech. In general, tones are also produced with a larger pitch range in child-directed speech than in adult-directed speech, although the differences are dependent on syllable position. Mothers do not expand the tone duration in child-directed speech. These acoustic modifications of child-directed tones applied similarly to all four tones, regardless of pitch level, pitch range, or pitch shape. Finally, tones in child-directed speech are identified with lower accuracy than the tones in adult-directed speech. The acoustic and perceptual findings do not support the hyperarticulation hypothesis of child-directed speech and appear to support the pragmatic hypothesis of child-directed speech.
